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Abstract 
Threshold pressure Pcth, a parameter controlling rock’s sealing performance in cases of CO2 geological sequestration, was studied 
in a supercritical CO2–water system under conditions of 1000 m depth. To provide a constraint to the variation range of rocks’ 
Pcth, the correlation between Pcth and permeability, k, was examined using sintered compacts composed of mono- and bi-
dispersed spherical silica particles. The Knudsen number estimated for supercritical CO2 at 1000 m depth indicated that CO2 
transmuted into a non-continuum at k < 0.1 μD in the closest-packing structure. Future studies should consider whether the 
concept of Pcth is applicable in this situation. 
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1. Introduction 
The CO2 geological sequestration (CGS) expects that a caprock with low permeability (i.e., mudstones or 
siltstones) prevents the leakage of injected CO2 to the ground surface. To verify whether the CO2 can be sequestered 
safely for a long time, however, it is necessary to assess the sealing performance of a caprock.  
Generally, the rock's sealing ability is controlled by the magnitude relation between the CO2 buoyancy per unit 
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area and the capillary pressure of a rock: if the buoyancy is less than the capillary pressure, CO2 is sealed by a rock, 
whereas if the buoyancy overcomes the capillary pressure, CO2 starts to move in the interior of a rock. Specifically 
the capillary pressure, at which the CO2 passes through a rock for the first time, is defined as the threshold pressure, 
Pcth (kPa). The Pcth is responsible not only for the caprock integrity, but also for the spreading of CO2 in a reservoir. 
Therefore, Pcth is a key parameter to expect the CO2 migration on CGS.  
However, rocks in nature can differ greatly from their Pcth because penetration depends on the flow-path 
structure in individual samples. Therefore, from the perspective of stable CO2 containment, it is necessary to 
ascertain the range of variation of caprock’s Pcth by measuring numerous samples instead of a single one. Because of 
this problem, the authors have proposed a method to represent Pcth’s variation using artificial samples of which the 
internal structure is intergraded from a simple to a more complicated one [1]. Using this methodology, to clarify the 
variation of Pcth quantitatively, we intend first to analyze the effects of the particle packing state and particle size 
distribution, and then to incorporate the effect of particle configuration. Finally it is necessary to account for effects 
of chemical compositions and an inhomogeneous structure such as cracks. Thereby, the method enables the 
prediction of the range of variation of rocks’ Pcth without repeated measurements of numerous rock samples. 
This study, conducted with the aim of defining the variation range of Pcth, aims to quantify the factor controlling 
Pcth by focusing on particle size, and particle distribution, and to explore the lower limit of Pcth. For this purpose, we 
used artificial samples with controlled constituent particle sizes. This study did not assess the effects of the particle 
configuration and mineral compositions. These were regarded as problems for future examination.  
2. Methods 
2.1. Sintered compacts 
We prepared sintered compacts composed of high-purity (SiO2: 99.9%) and monodispersed (dispersion within 
10% for all size particles) spherical silica beads with particle diameters of respectively, 0.1, 0.2, 0.5, 1, 5, and 10 μm 
(Ube Exsymo, Hipresica, except for 0.1 μm particles from Colloidal Silica MP; Nissan Chemical Industries Ltd.). 
For this study, to improve mutual bonding of particles, a boric acid (BA, H3BO3)–saturated solution or the 0.01 μm 
colloidal silica solution (CS, 30 wt%, Snowtex S; Nissan Chemical Industries Ltd.) were mixed as a sintering 
additive for the sintering of particles larger than 0.1 μm, with sintered 0.1 μm particles at 800°C (LT) or 850°C (HT) 
with no sintering additives. The final product was cylindrical, with respective diameter and height of about 14 and 
10 mm. In addition to the samples with uniform particle size, we used samples comprising binary particles, where 
0.2, 0.5, 1, 5, and 10 μm particles were respectively mixed with 0.1 μm particles, at three volumetric mixing ratios 
of 1:3, 1:1, and 3:1. 
2.2. Measurement experiments 
The Pcth and the permeability, k (mD: millidarcy), were measured using the originally developed measuring 
system of capillary pressure. The system comprises a syringe pump for water flow (260D; Teledyne Isco Inc.), 
another twin syringe pumps for CO2 flow (100DX; Teledyne Isco Inc.), a sample cell, and a vacuum pump. A 
sample cell made of stainless steel contains a sample holder. It has a pair of glass windows: one for a light source 
and the other for observations using a camera. We set a sintered compact into a holder, in which the sample’s 
cylindrical surface was appressed with a cylindrical silicone rubber sleeve to avoid lateral flow along the sample 
exterior. Most of the system, except for syringe pumps, was covered with adiabatic materials. The internal 
temperature was maintained at ±2°C using a warm-air circulating unit. Furthermore, a sample cell was placed in an 
oven; which allowed control of the temperature around a sample with accuracy of ±1°C. 
Manufactured sintered compacts were made available for measurements of k and Pcth using the measuring system 
described above. First, k was measured using pure water at room temperature.  The procedure was the following: the 
system was filled with pure water. After a given length of time, pure water was injected from upside of a sample at 
constant pressure using a syringe pump. The flow rate was measured. In this case, we varied the injection pressure 
from 80 to 300 kPa to meet three conditions of the differential pressure between up and down sides of a sample, ΔP, 
whereas the other side of a sample was opened up to atmospheric pressure. The k was estimated from Darcy’s law. 
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Next, the Pcth measurement was conducted under conditions of 10 MPa and 40°C. This study used a step-by-step 
pressure-raising method. The CO2 pressure at the sample bottom was increased to higher than 10 MPa in steps of 10 
kPa, but the water pressure at the upper side of the sample was maintained 10 MPa. To avoid a possible dynamic 
impact on the fluid flow sealing performance, no rise in pressure to the next increment occurred until ΔP evened out 
after a pressure rise. We determined Pcth of a sample based on the ΔP at the instant when the CO2 breakthrough was 
observed through a sample cell observation window. 
3. Results and discussion 
3.1. Sintered compacts of monodispersed particles 
Prior to experiments of sintered compacts, we should determine the base line of the closest-packing structure of 
uniform spherical particles on the Pcth–k plot. It is theoretically derived that the correlation between log Pcth and log 
k on the closest-packing structure is represented as a line with slope of -0.5. Therefore, knowledge of any one 
combination of Pcth and k enables to fix this line. Regarding this, a circular capillary plate of 14-mm-diameter and 1 
mm thickness (Hamamatsu Photonics KK), which has numerous 1 μm-diameter capillaries arranged regularly, 
provides one standard value. Namely, considering the closest-packing structure with maximum pore throat size 
equal to 1 μm, we can derive k, based on the apparent particle diameter in this structure. Here, our measurement of a 
capillary plate indicated that its Pcth was equal to 69.1 kPa. Consequently, drawing a line passing through the point 
of k = 29.9 mD and Pcth = 69.1 kPa as shown in Fig. 1, then the function form of the closest-packing structure is 
determined as 
Pcth = 377.7 k-0.5.   (1) 
 
Fig. 1. Correlation between Pcth and k of sintered compacts comprising of uniform particles. 
On the other hand, measurements using sintered compacts showed that they scattered around the closest-packing 
line dependently on the difference of packing state caused by the difference of sintered additives or sintering 
temperature (Fig. 1). In other words, the change of packing state, independently of resultant change of porosity, 
affected k little but varied Pcth sensitively. This variation was enhanced on lower k. Such a trend is consistent with 
the analyzed result of numerous rock samples by [2], where low-k mudstones disperse more widely than high-k 
sandstones on the Pcth–k double logarithmic plot and their slope becomes smaller. 
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3.2. Sintered compacts of binary particles 
Next, the mixing effect of binary particles was examined. Figure 2 plots the correlation between Pcth and k of 
samples composed of binary particles along with samples of uniform particles. We found that most of Pcth values of 
bidispersed samples were the same or less than those of monodispersed samples. Such a result is consistent with 
preliminary theoretical considerations. Namely, the particle-packing model in a binary system predicted that the 
lowest Pcth value was controlled by larger particle's Pcth and that the Pcth of samples composed of binary particles 
strayed farther from the closest-packing line with an increase of the particle size ratio. Therefore, Pcth can be 
decreased by the declination from the closest-packing structure (i.e., the random packing of particles), but a 
reduction of Pcth is enhanced further by the discrepancy from uniform particle size (i.e., the particle size distribution). 
 
 
Fig. 2. Correlation between Pcth and k of sintered compacts of binary particles. 
By the way, the mercury porosimetry for bidispersed samples indicated that a single peak of the pore diameter 
distribution shifted to a higher value with an increase of the particle size ratio and/or the mixing ratio. Nevertheless, 
sequential change of Pcth to the variation of both ratios was not observed. This means that Pcth, in contrast to k, is a 
factor controlled by the local structure. 
3.3. Application scope of correlation model 
Generally, a caprock has lower k (i.e., narrower pore throats) than our sintered compacts. In a pore throat with 
nanometer diameter, which corresponds to the distance of molecule-to-molecule collision, the concept related to 
fluids as a continuum is no longer true. Such a transition of flow mechanism from continuum to non-continuum 
fluids is defined as the Knudsen number Kn, 
Kn = λ/l,   (2) 
where λ is the molecular mean free path, and l represents the specific length of the flow field. The Kn defines flow 
mechanisms of four kinds: viscous flow, slip flow, transition flow, and Knudsen flow. Generally, gas is regarded as 
a continuum fluid when Kn is less than 0.1, but it is a non-continuum fluid when Kn is greater than 0.1. 
Figure 3 shows the transition of the seal mechanism within a throat. Under the condition of transition flow to 
Knudsen flow, CO2 becomes a non-continuum fluid. In this case, although an interface between water and CO2 
exists within a throat, only an individual CO2 molecule can infiltrate into a throat by its dissolution and diffusion 
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into water. Therefore, it is possible that the interface does not move, even if the CO2 pressure is increased above the 
Pcth estimated from the Pcth–k correlation. Under this condition, it is necessary to consider whether the concept of 
Pcth is applicable as is the case in a continuum. 
 
 
Fig. 3. Transition of the seal mechanism within a throat. 
Based on such a background, the lowest limit of permeability, where CO2 remained to be a continuum, was 
examined by calculating Kn of CO2 under the condition of 1000 m depth. The result revealed that CO2 transmuted 
into a non-continuum at k below 0.1 μD in the closest-packing structure of uniform spherical particles: the concept 
of Pcth no longer came into existence in this situation. In fact, the correlation model can be extrapolated to the lower 
permeability region because natural rocks have throats of not only a single size, but of various sizes. However, it is 
also true that Pcth eventually becomes less likely to occur at some permeability region. Therefore, the true limit of 
Pcth must be ascertained through direct comparison of rocks’ k with measurements of the pore throat distribution. 
4. Conclusions 
We studied the Pcth–k correlation in a supercritical CO2–water system under conditions of 1000 m depth. This 
study determined the base line of the closest-packing structure of spherical particles, by measuring the Pcth of a 
capillary plate with known throat diameter. We found that the disorganization of particle arrangement from the 
closest-packing can vary Pcth, but the mixing of different size particles has a more significant effect on a reduction of 
Pcth. Our estimate of the Kn for supercritical CO2 at 1000 m depth indicated that CO2 transmuted into a non-
continuum at k less than 0.1 μD in the closest-packing structure. 
Toward more realistic modelling applicable to natural system, effects of particle configuration and chemical 
compositions should be examined. Also, the coupling of hydrology and geochemistry enables to quantify impacts of 
geochemical reactions on seal integrity over a long timescale.  
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